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ABSTRACT

An investigation and calibration of a device consisting of an airflow
metering venturi with a variable position aerodynamic centerbody for
the production of turbulent flow at the inlet of a turbojet engine was
conducted in an altitude test cell. The device provided turbulent flow
conditions by producing shock-wave systems of variable severity.
Turbulence and distortion values were obtained at the front face of a
simulated turbojet engine compressor inlet located slightly down-
stream of the turbulence producing device. Various screen configu-
rations with area blockages of from zero to 70 percent were inserted
between the device and the simulator front face, and their effect on
distortion and turbulence characteristics at several different cor-
rected airflow settings was determined. Wave analysis techniques
were applied to the turbulent pressure data, and the effects on turbu-
lence of Reynolds number, corrected airflow, centerbody position, and
screen configuration were determined, Values of peak-to-peak turbu-
lent pressure amplitude up to 28.4 (0- to 50-cps bandwidth) and 57.0
(0- to 600-cps bandwidth) percent of the steady-state total pressure
level were obtained with total pressure distortion values up to 52 per-
cent., An airflow coefficient for the turbulence generating device and
the structural integrity of the apparatus were also determined.
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SECTION |
INTRODUCTION

Compatibility testing of a YJ93-GE-3 turbojet engine with a
0.577-scale model of the North American (NAA) XB-170 aircraft inlet
duct was performed in the supersonic wind tunnel of the Propulsion
Wind Tunnel Facility at AEDC., During testing at supersonic duct inlet
Mach numbers with certain inlet duct bypass door configurations, un-
expected engine compressor stalls occurred. The bypass door con-
figurations, with which the stalls were associated, corresponded to
normal shock-wave positions well downstream of the duct throat and
near the engine compressor inlet. Limited transient pressure in-
strumentation at the front face of the engine indicated that high levels
of pressure fluxuation existed at the time of the stalls. 1t is believed
that this turbulent flow condition was produced by the normal shock
system and was responsible for the engine compressor stalls.

To study in detail the effects of turbulent flow on YJ93 turbojet
engine operation, a two-part investigation was initiated. The first
portion was to develop apparatus and techniques whereby turbulent
flow of known level and spectrum might be generated at the front face
of a turbojet engine. The second phase of the program will be to
subject a turbojet engine to the known turbulent flow conditions and
to study the effects.

This report covers the first phase of the turbulence study, which
was performed in Propulsion Engine Test Cell (J-1). The basic
turbulence generation device was an airflow metering venturi with a
variable position aerodynamic centerbody, which allowed the throat
area and flow geometry of the device to be varied. This variance in
geometry along with changes in flow properties produced shock-wave
systems of differing severity. The shock system, in turn, was the
turbulence producing mechanism,

A straight pipe engine airflow simulator equipped with a conic
nozzle for airflow measurement was used to provide simulation of a

turbojet engine compressor inlet at the exit of the turbulence generator,

The specific requirements of this investigation were to:

(1) Determine the turbulence and pressure distortion producing
characteristics of the turbulence generating device and deter-
mine if modifications are necessary to obtain sufficiently high
turbulence levels so that meaningful testing of a YJ93 engine
may be accomplished.
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(2) Obtain detailed information on the turbulent flow field produced
such as its frequency spectrum, correlation from point to
point at the inlet, attenuation from the generator to the simu-
lator inlet, and in general any information pertaining to the
flow phenomenon which might aid in gaining insight into the
inlet turbulent flow problem as it affects engine operation.

(3) Determine a flow coefficient for the venturi-centerbody com-
bination.

(4) Demonstrate the structural integrity of the turbulence
generating mechanism and of the instrumentation at the front
face of the simulator under turbulent flow conditions.

(5) Develop instrumentation sensor configurations so that the
turbulent flow condition at the simulator and engine inlets may
be properly defined.

SECTION Il
APPARATUS

2.1 TEST ARTICLE

The test article consists of a YJ93 turbojet airflow simulator and
a remotely positionable aerodynamic centerbody located in the primary
airflow measuring venturi as shown in Fig, 1.

2.1.1 Turbulence Generator

The centerbody and the venturi (Fig. 2a) serve as a turbulence
generator., Figures 2b and c give details of the variance of throat area
with immersion depth and of centerbody and venturi geometry, respec-
tively. Figures 2d and e are photographs of the centerbody.

The centerbody is supported in the venturi by a 6-in., -diam guide
tube extending from the plenum chamber to the exit of the venturi
(Fig. 2a). A support assembly (Fig. 3a) attached to the plenum bulk-
head provides a rigid brace for positioning the forward end of the guide
tube; the aft end is supported by a four-leg spider support at the exit
of the venturi (Fig. 3b).

The centerbody is actuated by an inverted 10-ton capacity screw-
jack driven by an electric motor (Figs. 2a and 3a). The motor is
mounted outside the plenum chamber and actuates the screw-jack gear
box by a drive shaft terminated at both ends by universal joints. The
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screw-jack shaft is contained within the guide tube and is attached to a
screw-drive dog which bolts to the forward collar of the centerbody.

A slot in the top of the guide tube allows motion of the dog and center-
body along the guide tube. Centerbody travel is limited at both ends
by limit switches.

2.1.2 Simulator

The YJ93 airflow simulator (Fig. 4a) consists of a YJ93 engine
front frame (without the inlet guide vanes), several sections of straight
pipe (which approximate YJ93 engine length and diameter), and a fixed
conic nozzle, The front frame provides a mounting point for a special
long bulletnose and slip ring lead-out tube (Fig. 4b), which will be
used during the second portion of the turbulence investigation to lead
out compressor rotor instrumentation signals. An 11-deg half-angle
transition section with an exit area of 1117 in.2 joined the conic nozzle
to the straight pipe section of the simulator. Two previously cali-
brated conic nozzles were used, one with an exit area of 777.7 in.2
and another with a 549. 8 in.2 exit area.

2.1.3 Flow Straightening Screens

Several different screen configurations (Figs. 5a through d) were
installed on screen retaining grids between the turbulence generator
and the simulator for use as distortion reducing and turbulence con-
trolling devices and in one case as a vortex generator. TablelI is a
list of the principal configurations used during testing and identifies
each screen arrangement by a configuration number.

2.2 INSTALLATION

The simulator and venturi were installed in the Propulsion Engine
Test Cell (J-1) (Figs. 4a and 6 and Ref. 1) with a duct and expansion
joint between them. The front of the venturi was suspended inside a
labyrinth seal attached to the rear face of the plenum chamber bulk-
head. The ducting between the venturi and the simulator contained the
various flow straightening screens. The venturi and engine were sup-
ported by a flexure-pivot thrust stand, which was locked down during
testing since thrust measurement was not a requirement.

2.3 INSTRUMENTATION

Pressure, temperature, and vibration data for airflow, pressure
distortion, and turbulence determination were measured in the planes
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shown in Fig. 7a. Normal shock-wave position data in the form of wall
static pressure were measured at the locations shown in Fig. 7b.
Details of each instrumented station are shown in Fig. 8.

2.3.1 High Response Pressure

Time varying pressure information in the frequency range from 5
to 600 cps was sensed using strain-gage-type transducers connected to
total head probes (ten tubes with a length of 27 in. and one with a length
of 2.68 in.). The probes with the 27-in, tube length were installed in
rakes 1 and 9 (Fig. 8e), and the 2.68-in. tube length was installed in
rake 10. The electrical outputs of the transducers were recorded by
a magnetic tape system. All parameters recorded on magnetic tape
during this test utilized the frequency modulation mode and were re-
corded at a tape speed of 60 in. /sec. The output of one of the ten
27-in., tube connected transducers was recorded on a direct-writing
recorder,

Pressure fluctuations in the frequency range from 10 to 2500 cps
were recorded from two total head probes of approximately 0. 6-in.
tube length (Fig. 8e, rakes 2 and 14) and one flush wall static sensor
(Fig. 8e, rake 13), The transducers were piezoelectric and variable
capacitance, respectively, and the outputs were recorded on magnetic
tape.

All high response pressure waveforms were displayed in the con-
trol room during testing on a multiple oscilloscope monitor panel
system,

Frequency response characteristics of the high response pressure
instrumentation are discussed in Appendix I.

2.3.2 Vibration

Vibration measurements in the form of instantaneous velocity were
made by sensors consisting of a coil suspended around a permanent
magnet core rigidly mounted to the simulator front frame (Fig. 8e).
The sensor output was recorded by a magnetic tape system. The vibra-
tion data were used primarily to correct dynamic pressure data as dis-
cussed in Appendix I,

2.3.3 Steady-State Pressure

Total and static aerodynamic pressures were measured using
absolute- or differential-type, strain-gage transducers. The differential
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transducers were referenced to either floating references (established
by the average of the output of three transducers redundantly meas-
uring the reference pressure value) or to atmospheric pressure.

Steady-state pressure measurements were made at the plenum
chamber, along the venturi wall, at the simulator inlet, at the conic
nozzle inlet, and at the lip of the conic nozzle at the locations shown
in Figs. 8a through c. The floating reference points (where appli-
cable) were also indicated in Fig. 8.

The electrical output of the steady-state pressure transducers was
scanned, digitized, and stored by a commutated analog-to-digital con-
verter and high-speed paper tape punch system. The stored data were
converted to engineering units and tabulated by a digital computer.
Redundant recording of selected pressures was made with an analog
direct-writing recorder.

2.3.4 Temperature

Aerodynamic temperatures at the simulator inlet and wall tempera-
ture at the exit of the conic nozzle were measured with Chromel®-
Alumel® thermocouples. Iron constantan thermocouples were used to
measure cell ambient temperature, venturi centerbody guide tube, and
venturi wall temperatures.

All thermocouples were referenced to a 150°F (precision £0. 5°F)
junction. The electrical output of each thermocouple was processed in
the same manner as the steady-state pressure transducer outputs.

2.3.5 Position

Venturi centerbody position was sensed by a null-balance potentiom-
eter system using two ten-turn potentiometers. One potentiometer was
chain-driven by the centerbody actuating mechanism; the other was
driven by a vernier dial installed in the control room. A galvanometer
indicated when the two potentiometers were at the same position,

The centerbody position was redundantly recorded on a direct-
writing recorder and on magnetic tape.

2.3.6 Calibration

Both high response and steady-state strain-gage-type pressure
transducers were laboratory-calibrated using a secondary standard
prior to installation., Calibration information on the piezoelectric and
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variable capacitance pressure transducers and vibration sensors was
provided by the test user.

The magnetic tape and steady-state recording systems used with
strain-gage-type transducers were calibrated by shunting precision
resistors across one leg of the transducer bridge. The magnetic tape
system recording data from the piezoelectric and variable capacitance
pressure sensors and the vibration sensors was calibrated by the in-
sertion of an electrical signal of known voltage. The steady-state sys-
tem recording temperature data was calibrated by the insertion of a
known voltage in series with the thermocouples. A calibration relating
the venturi centerbody position to the control room vernier dial was
established by moving the centerbody to its extreme positions and
noting the vernier dial readings. The direct-writing recorder and mag-
netic tape systems were calibrated simultaneously with the control
room vernier dial system,

All calibrations of recording systems were made both prior to and
after each test period.

SECTION Il
PROCEDURE

Conditioned air at several different density levels was supplied to
the inlet of the simulator by setting different values of simulator inlet
total pressure and temperature. The principal total pressure and tem-
perature levels of interest were 5, 10, 15, and 20 psia and 540 and
1083°R, respectively. The total pressure at the simulator inlet was
set by adjusting the venturi inlet (plenum chamber) pressure to com-
pensate for the total pressure loss across the turbulence generator
shock system and screens. Venturi inlet pressure was increased as
turbulence generator throat area was decreased to hold the total pres-
sure at the simulator inlet to a desired level. Setting the total pressure
and temperature at the simulator inlet determined actual airflow through
the system., Simulator corrected airflow was set by either choking the
simulator conic nozzle or by adjusting nozzle pressure ratio in the noz-
zle unchoked case.

Different levels of turbulence and pressure distortion were obtained
by varying the turbulence generator throat area, thereby varying the
shock-wave structure at several different values of simulator corrected
airflow and venturi inlet Reynolds number (Appendix I). Further variance
of turbulence and distortion was obtained by operation with different
screen configurations between the venturi exit and the simulator inlet.
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Venturi flow coefficient information was obtained by choking the
simulator nozzle and measuring airflow at the conic nozzle exit, at the
simulator inlet, and at the venturi throat planes. Flow coefficient data
were obtained over the range of desired operation by moving the center-
body by distinct increments between the zero and fully-immersed posi-
tions. This procedure was performed with various screen configura-
tions and two different conic nozzles.

The structural integrity of the centerbody and associated mounting
and actuating components, the screen and screen support grids, and the
instrumentation rakes at the simulator inlet was investigated by visual
inspection both prior to and after each test period.

The methods of calculation used in the reduction of flow coefficient
and pressure distortion data are presented in Appendix I. Statistical
data reduction methods were applied to the time varying pressure data
to yield power spectral density, auto-correlation, and statistical am-
plitude distribution properties for several representative data condi-
tions by the methods described in Appendix I and Ref. 2. The tabulated
data obtained during this investigation and plots of the power spectral
density function for a portion of the time varying pressure data are in-
cluded in a data package which is available upon request from AEDC
Headquarters. An index of the tabulated data in this package is shown
in Table II. Table IIl presents a listing of the parameters tabulated.

In addition to the determination of the functions given above, time-
varying pressure data were reduced by the playback of waveforms from
magnetic tape to oscillograph. Various bandwidths of electronic filters
were used to eliminate electrical and mechanical noise from the data.

SECTION IV
RESULTS AND DISCUSSION

The objectives of this investigation were to (1) determine the turbu-
lence and distortion producing characteristics of the turbulence gener-
ator and what, if any, modifications must be made sc that meaningful
testing of a YJ93 turbojet engine may be accomplished, (2) obtain
detailed information on the turbulent flow fields produced so that the
effects of turbulent flow on turbojet engine performance may be better
understood, (3) determine an airflow coefficient for the turbulence
generator, and (4) demonstrate the structural integrity of the turbulence
generating apparatus and of the instrumentation at the simulator inlet
under turbulent flow conditions.
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The results obtained in this investigation are discussed below in
terms of the basic turbulence waveform and type of distortion produced
and their dependence on different flow parameters and screen configu-~
rations. Calibration data for the turbulence and distortion produced by
each of the different configurations tested are also discussed. A dis-
cussion of the airflow calibration results and the structural integrity of
the apparatus follows the turbulence and distortion calibration.

4.1 BASIC TURBULENCE AND DISTORTION DEFINITIONS AND ANALYSES

The output of the turbulence generator must be considered both in
terms of distortion and turbulence. For the purposes of this discussion,
the following definitions of these two parameters will apply.

4.1.1 Definitions and Terminology

Turbulence is the variation with time of pressure (either total or
static, but more commonly total) in a pulsating manner about some
mean or steady-state pressure level. Quantitatively, turbulence is ex-
pressed as the ratio of the average value of the peak-to-peak fluctuation
about the mean to the mean value itself. The result is termed ''normal-
ized turbulent pressure amplitude, "' the normalizer being the steady-
state pressure level value, Figure 9a is a graphical presentation of
turbulence, and more detailed information on the measurement and
calculations of turbulence is contained in Appendix I.

Distortion is the variation of pressure (either total or static but
more commonly total) with geometric location in the plane of the simu-
lator inlet. In quantitative terms, distortion is expressed as the ratio
of the difference between the maximum and minimum values at any point
in the field divided by the overall average value of the pressure in that
plane (see Appendix I). Although no regard is given to the location of
the maximum and minimum pressures in the field in calculating dis-
tortion, by convention, high pressure at the center of the flow field is
termed positive and the opposite case is termed negative. The sifua-
tion of high pressure at the center (positive case) is sometimes referred
to as ''tip radial distortion, " and the high pressure at the outer edge is
called "hub radial distortion.' (This nomenclature may be pictured by
considering the span-wise sense of flow direction along a compressor
blade caused by a pressure potential provided by the distortion in the
flow field.)

The sign convention given above describes only the geometric
variance of pressure in the radial direction. In addition to this, pressure

8
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may vary circumferentially. No sign convention is used to indicate this;
however, certain nomenclature is used to describe circumferential dis-
tortion. A circumferential distortion pattern with one depressed pres-
sure region is termed a ''one/rev' pattern. In a like manner, two
depressed pressure regions would be called a ''two/rev'' pattern. This
set of nomenclature is derived from the number of impulses a com-
pressor blade would feel in the course of one revolution through a
circumferentially distorted flow field caused by the flow distortion
itself.

Figure 9b is an illustration of both radial and circumferential dis-
tortion presented in rectangular coordinates. Figure 9c combines both
radial and circumferential distortion into a polar graph with lines of
constant normalized pressure. Again, the steady-state pressure,
averaged over the plane of the simulator inlet, serves as the normal-
izer.

4.1.2 Turbulence Woveform and Statisticol Analysis

To permit evaluation of the effect on YJ93 engine performance under
turbulent inflow conditions, it is important that the type of dynamic dis-
turbance entering the compressor be known. The engine for example
might be quite tolerant of disturbances in one frequency range, where-
as it might be quite intolerant to disturbances in another range. Wave-
form and statistical analyses were performed on the turbulent pressure
data so that this end might be accomplished.

Figures 10a through d are waveforms of turbulent pressure, taken
at different flow conditions and with two different screen configurations
between the turbulence generator and the simulator inlet. It may be
observed from the waveforms that they are either random or aperiodic
complex waves. It may also be observed that little difference is found
among the four different traces.

Evaluation of the power spectral density function for these wave-
forms yields additional information on their nature. Figures lla andb
are typical frequency distributions of turbulent total pressure recorded
during this investigation.l In keeping with the terminology previously

1The spectral analyses presented in this report are based on a
frequency range from 0 to 200 cps for several different reasons. First,
it is believed that this frequency range contains the bulk of the activity
which will affect turbojet engine operation; secondly, instrumentation
limitations (nonlinear frequency response characteristics discussed in
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defined, the power spectral density function (Appendix I and Ref. 2) will
be termed the ''normalized turbulent pressure spectral density' in this
report,

Figure 1la depicts a sloping distribution of the turbulent pressure
with frequency. Figure 11b shows a uniform or "white' distribution.
With a few exceptions (to be discussed in more detail later), all outputs
of the turbulence generator fall somewhere between these two extremes.
The important thing to note about these two distributions is that they
are both predominately random. To further investigate the nature of
the waveform the auto-correlation function was estimated. Figures 12a
and b are the auto-correlation functions for the sloping and the uniform
distributions, respectively. The strong self-dependence (maximum
amplitude at zero lag time) of both cases indicates that the waves are
predominately random; the small fluctuation about the zero level for T
greater than 5 msec indicates a small degree of periodic content present
in the wave., (See Appendix I and Ref. 2 for a discussion of the auto-
correlation function.)

Consideration of the skewness and kurtosis functions (Appendix I) of
the amplitude distribution parameters along with the auto-correlation
function indicates that the distribution of the turbulent pressure is near
Guassian if the periodic wave content is small.

Data discussed in Ref. 3 show that instantaneous velocity measure-
ments made in a turbulent flow field behind a grid were found to have a
similar frequency distribution (the power spectral density functions were
similarly shaped). In the same reference, the amplitude distribution of
turbulent velocity correlation functions was found to be near Guassian
also.

Appendix I) make reduction of spectral data extremely laborious; and
third, correction for these instrumentation limitations indicates that a
liner extrapolation of the mean level of the spectra at the slope of the
spectra which exist between 100 and 200 cps is a good approximation of
the data recorded up to 600 cps, thereby providing a method of deter-
mining the spectra in the higher frequency range if such information is
required.

Turbulent presSure amplitude information for the frequency bands
of 0 to 50, 0to 200, 0to 600, and O to 2000 cps is presented in this
report to show in detail the relative importance of the different fre-
quency ranges as they relate to other parameters. Amplitude data
were corrected for nonlinear frequency response of instrumentation
units using an approximation technique given in Appendix I which is
easily applied to the data.

10
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Repeated measurement of the mean square amplitude of the wave at
different points in time revealed essentially the same values indicating
that the random process is stationary.

4.1.3 Standing Wave and Periodic Wave Content

As was previously mentioned, the data waveform included varying
degrees of periodic content. This periodic content can result from
several different sources. Acoustical resonances (tube or Helmholtz
or standing waves between the bullet nose and simulator wall) along
with von Karman vortices shed by the venturi centerbody guide tube
aft support struts are possible sources. A large amount of periodic
noise appeared in some of the raw data but was distinguished from true
data by the techniques given in Appendix I,

A survey of the data recorded indicated the existence of a large
number of low amplitude resonance spikes in the spectrum., Some of
the spikes seemed to form harmonic families. A few of the families
were 30, 60, 90 cps; 10, 20, 40, 80 cps; and 50, 100, 150, 200 cps.
Repeatable individual spikes appeared at 5 to 10 cps, 15 cps, and at
110 cps. The complexity of the turbulence generator and simulator
geometry prevented reliable matching of these observed components
to acoustical modes which might have been excited within the system.
Approximate calculation, however, shows that the longitudinal resonance
of the simulator pipe should occur with its fundamental near 30 cps. This
indicates that the 30-, 60-, 90-cps family is possibly caused by this mode.

The largest repeatable spike appeared in the vicinity of 5 to 10 cps
and occasionally doubled the amplitude level as compared to the random
background level upon which it is superimposed. All other resonance
points are of even less relative magnitude. The relative magnitude of
the spikes diminished as the Reynolds number at the inlet to the venturi
increased.

The important observation to be made concerning the periodics is
that they are generally small compared to the random content of the wave,
or stated otherwise, there were no extremely high concentrations of
energy in the frequency spectra investigated.

4.1.4 Pressure Distortion at the Simulator Inlet

Inspection of static and total pressure profiles indicated that a large
degree of total pressure distortion existed (depending on flow conditions
and turbulence generator geometry), whereas little distortion of static
pressure occurred. In one case, total pressure distortion was 52 per-
cent, whereas static pressure distortion was only 3.1 percent. The

11



AEDC-TR-65-195

indication of this situation is that the distortion in total pressure essen-
tially represents a distorted velocity field.

Distortion patterns in both the radial and circumferential modes
were encountered during testing. More detailed discussion of specific
total pressure distortion patterns is given in Section 4.3, The rela-
tionship between turbulence and distortion is discussed in Sections 4.1.5
and 4. 2. 5.

4.1.5 Distribution of Turbulence over the Plane of the Simulator Inlet

Figure 13 shows waveforms of turbulent pressure taken at several
different immersion depths in the airstream. Inspection of these wave-
forms indicates that correlation exists among them. Lag or lead times
from wave to wave were estimated by noting the occurrence of signifi-
cant pulsations which appeared in all waves (pulsation A in Fig. 13, for
example) and measuring the time difference among them referred to a
point at 0. 86-in. immersion depth into the stream. Figure 14 presents
the results of measurements of lag or lead times for two different cases.
The measured values are the average of five separate pulsations for
each point shown. As might be expected, a good deal of scatter was
present in the results, but the average points are indicative of the trends
of lag or lead times individually measured,

Figure 14b shows the relative amplitude distribution in the field for
two cases of distortion under consideration. Distortion is seen to affect
the amplitude characteristics as well as the time characteristics,

Figures 14a and b establish representative transmissibility of tur-
bulence in the plane of the simulator inlet. It is seen that the character-
istics are governed by distortion. Amplitude distributions for the dif-
ferent geometric configurations tested are given in detail in Section 4.3.

4.2 DEPENDENCE OF TURBULENCE ON FLOW PARAMETERS AND SCREEN
CONFIGURATIONS

The change of turbulence with flow parameters is important for
several different reasons, Primarily, the flow conditions at the inlet to
the engine will be the same as those experienced during this investiga-
tion, and for any given screen configuration, the flow parameters will
determine the turbulent flow conditions which will exist at the engine
inlet. Secondly, similarity of the flow from the turbulence generator
and aircraft inlet duct can be described only in terms of flow parameters
since the geometries are quite different. Third, the basic mechanism of

12
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turbulence generation, the normal shock system, should be related to
the flow conditions which exist in the turbulence generator and these
relations noted,

The variance of turbulence with other parameters will be discussed
in terms of normalized amplitude and spectral density. Turbulence was
found to vary as a function of corrected airflow, venturi annulus area,
venturi inlet Reynolds number, simulator inlet total pressure distortion,
and screen configuration between the venturi exit and the simulator inlet.

4.2.1 Corrected Airflow

Figure 15 shows the change in amplitude as a function of corrected
airflow for several different values of venturi annulus area and for the
situation of no screens between the venturi exit and the simulator inlet,
At a fixed value of annulus area, the amplitude is seen to increase to a
maximum somewhere in the vicinity of 160 lb/sec and then decrease
again. Following the decrease, an increase again occurs, but the lack
of data between 180 and 260 lb/sec prevents definition of the manner in
which the second increase takes place. This behavior suggests that a
transition in the mode of flow takes place within the turbulence gener-
ator as corrected airflow increases.

Changing corrected airflow causes changes in the normal shock
parameters, shock inlet Mach number, static pressure rise, total
pressure loss, and the structure of the shock system in general. Fig-
ure 16 shows the distribution of wall static to inlet total pressure along
the venturi wall for several different values of corrected airflow., The
annulus area is 110 in.2 for this particular case. As would be expected,
essentially the same flow acceleration curves are formed. Observation
of the deceleration curves for the different corrected airflow values
show, however, quite a variation in pattern. Relatively narrow,
normal shock patterns followed by gradual subsonic diffusion are indi-
cated for the 140 and 160 lb/sec corrected airflow cases. These two
cases correspond to the first region of increasing turbulence amplitude
with increasing corrected airflow shown in Fig. 15. The pressure ratio
patterns indicated for the 180 and 260 lb/sec cases show a series of
decelerations and accelerations. This pattern is strongly indicative of
an extended lamda-type shock system. Figure 17 is a sketch of the
shock systems corresponding to the two different airflow regimes made
from the pressure ratio distribution of Fig. 16 and Schlieren photo-
graphs of somewhat similar flow geometry and pressure ratio distribu-
tion situations found in Ref. 4. Criteria for the formation of the
branched or lamda shock systems in diffuser flow are discussed in
Ref. 5.

13
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The effect of these two different modes of flow on the production of
turbulence from Figs. 15 and 17 seems to indicate that the narrow shock
systems are more efficient in the production and transmission of tur-
bulence to a point downstream of the shock system. A possible explana-
tion of this behavior is that the turbulent energy produced by the initial
shock wave is dissipated in mixing with the turbulence produced by the
downstream members of the system. It may be noted, however, that
turbulence production in both modes increases with increasing cor-
rected airflow. This may be explained by the fact that in both modes
(1) increasing corrected airflow increases the energy input at the shock
systems for the production of turbulence and (2) increasing corrected
airflow translates the shock system further downstream to a point
nearer the turbulence measuring station, therefore decreasing the
viscous damping which occurs between the points of turbulence produc-
tion and measurement.

Although the above analysis was made based on a value of annulus
area of 110 in.2 and with no screens installed at the exit of the venturi,
the results are qualitatively representative of all the configurations
investigated. Further discussion of the effects of throat area and
screen blockage will be covered in Sections 4. 2. 2 and 4. 2. 5.

Figure 18 shows the normalized turbulent pressure density spectra
for several different values of corrected airflow, Little significant
change other than in general level which was discussed above in terms
of amplitude is seen to exist.

4.2.2 Venturi Annulus Area

The change in turbulence production with annulus area ranged from
a situation of extremely little change to the case of a strong increase
with decreasing annulus area. The magnitude of the increase depended
on the corrected airflow setting and screen configuration being investi-
gated. Specific curves of turbulent amplitude versus venturi annulus
area for the different screen configurations are discussed in Section 4.3.

In general, changes in the normalized turbulent pressure spectral
density with annulus area were only in level and not in distribution shape.

4.2.3 Venturi Inlet Reynolds Number
The effects on turbulence of changes in pressure and temperature
at the inlet to the venturi were combined by considering the effects of

Reynolds number changes at that station. Venturi inlet Reynolds num-
ber (Appendix I) was calculated using the diameter of the venturi inlet

14
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as the characteristic length, Figures 19a, b, and ¢ show the variance
in the normalized turbulent pressure amplitude for values of venturi
annulus area of 110, 245, and 410 in.2, respectively. Curves for cor-
rected airflow values of 145 and 260 lb/sec are given. Above a value
of Reynolds number of 0.5 x 108, little change in amplitude with Reyn-
olds number is seen for any of the area values. For all but the case of
the 110 in.2 setting, this statement may be made over the entire range
of venturi inlet Reynolds numbers tested.

Some of the scatter in the region below Reynolds number values
of 1.0 x 108 in Figs. 17b and ¢ was caused by slight deviations in air-
flow setting from the nominal value of 145 lb/sec. (This airflow value
is in the region of large sensitivity of turbulence to corrected airflow. )

Essentially the same trend of variance of amplitude with Reynolds
number exists whether the amplitude content of the 0- to 50-¢cps band-
width or the 0- to 600-cps bandwidth is considered. As can be noted
from Fig. 19, as the venturi annulus area becomes smaller, the effect
of Reynolds number is more pronounced. This should be expected since
the viscous flow region (boundary layer) becomes a greater percentage
of the total physical area as physical annulus area decreases and, there-
fore, exerts more influence on the overall flow field,

Figures 20a and b show the effect of venturi inlet Reynolds number
on the normalized turbulent pressure spectral density for corrected air-
flow values of 145 and 260 lb/sec, respectively. As the Reynolds num-
ber is increased, the turbulent total pressure distribution with frequency
tends to become uniform. The Reynolds number is representative of the
relative importance of inertia and viscous forces present in the stream.
The damping of the turbulence is dependent on viscosity and the propaga-
tion dependent on inertia; therefore, the change in spectral distribution
with Reynolds number can, at least in part, be explained by the amount
of viscous damping which occurs in the transmission of the turbulence
to the measurement plane from the point of generation. At relatively
low Reynolds numbers, the viscous forces will be greater (as compared
to the inertial forces) than they would be at a higher value of Reynolds
number. Stated differently, viscous damping of turbulence will be
greater as the Reynolds number is decreased. The actual attenuation
of turbulence because of viscous damping is dependent on both viscosity
and particle velocity; therefore, the viscous damping would be more
pronounced at higher frequencies (corresponding to higher particle
velocity). From Fig. 20, it may be seen that this explanation of the
curve shape fits very well, Similar distribution curves and verification
of attenuation of higher frequency components are contained in Ref. 3.

15



AEDC-TR-65-195

The observations given above on the effect of Reynolds number are
qualitatively true for all of the configurations tested (see Section 4. 3).

4.2.4 Simulator Inlet Total Pressure Distortion

Distortion of the steady-state total pressure and turbulence am-
plitude are closely related. The general variance of turbulence with
physical parameters essentially describes the variance of distortion
with the same parameters. Generally, high values of distortion accom-
panied high values of turbulence, and low with low,

Although no complete theoretical explanations have been made which
describe the relationship of turbulence and distortion, several working
theories which relate steady-state velocity profiles with turbulence am-
plitude have been forwarded. Prandtl's mixing length theory and
von Karman's similarity hypothesis are two such theories which have
been found to be in good agreement with experimental data (see Ref. 6).

4.2.5 Screen Configuration

The effect of inserting screens between the venturi exit and the
simulator inlet is manifest in several different ways.

First, the addition of blockage at the venturi exit causes an addi-
tional pressure drop to exist and allows the normal shock system in the
venturi to be less severe. (The shock system moves further upstream.)
This will cause less turbulence to be produced at the shock wave (unless
the additional blockage of the screens causes a transition from the
lamda to the narrow shock system flow regimes, in which case the tur-
bulence production at the shock could increase).

Secondly, the screens themselves act as attenuators of turbulence.
They dissipate energy viscously as the turbulent flow passes through
them. In this manner, the transmission of turbulence is affected.

Third, air flowing over the screen wire (or edges) causes vortex
shedding, the frequency of which is proportional to the diameter of the
wire (or width of the concentric rings in the case of the vortex generator
configuration), This action, therefore, creates turbulence. Because
of the physical dimension of the screen wires, the frequency of shedding
is very high, and as a result, this energy is dissipated very rapidly.
(The vortices which originate as high frequency periodics will degenerate
because of mixing in the stream to a random frequency distribution; see
Ref. 3.)
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The net result of the above three effects was found generally to be
a reduction in turbulence at the simulator inlet.

Inlet total pressure distortion was also affected by the screens.
The shape and size of screens were the great influencing factors in this
case.

4.3 TURBULENCE AND DISTORTION CALIBRATION

Specific performance information for each of the configurations
tested is required so that known levels of turbulence and distortion may
be introduced to the inlet of a YJ93 turbojet engine during the second
phase of this study.

Calibration information and peculiarities of each of the configura-
tions tested are given in Sections 4, 3. 1 through 4. 3.6 in terms of tur-
bulence amplitude, spectra, and distribution over the simulator inlet
plane. Also included is distortion magnitude and distribution informa-
tion for each of the configurations tested.

4.3.1 Open Configuration — Low Corrected Airflow Case

Figures 21a through d depict the variance of several different forms
of the normalized turbulent pressure amplitude for the case of no screens
at a nominal corrected airflow value of 145 1b/sec. Turbulence ampli-
tude is seen to form a single curve for the different steady-state pres-
sure levels except at the 5. 0-psia levels where the Reynolds number
effect (Section 4. 2. 3) is evident (Figs. 21a and b). The difference
between the high temperature and low temperature cases is exaggerated
by the fact that the corrected airflow setting during the high temperature
test was somewhat lower (approximately 138 lb/sec) than the nominal
145 1b/sec (see Section 4, 2. 1). The solid curves shown in Fig, 21la
and b represent the average value of the pressure probes which cross
the simulator inlet at angles of 22.5 and 202,5 deg (see Fig. 8, rakes 1
and 9).

The dashed curves in Figs. 21a and b present the maximum and
minimum values of turbulence amplitude experienced along rakes 1 and 9
and indicate the degree of variance which exists in turbulence amplitude
from point to point in the field as a function of venturi annulus area. It
is seen that in both the 0- to 50- and the 0- to 600-cps bandwidth cases
that the spread increases with decreasing annulus area.

Turbulence amplitude in the 0- to 200-cps bandwidth at a point near
the simulator wall (0. 86-in, immersion depth) is shown in Fig. 21c and
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indicates a slight increase in amplitude with decreasing venturi annulus
area. Similar variance of the estimated wall static pressure (Appendix I),
based on a bandwidth of 0 to 2000 cps, is seen in Fig. 21d.

Profiles of the ratio of turbulence amplitude to the average value of
turbulence are shown in Figs. 22a, b, and c for annulus area values
of 410, 246, and 110 in.2, respectively. Only a slight increase in slope
and spread is shown in decreasing annulus area from 410 to 246 in,2,
A marked increase in the spread occurs between the 246 and the 110 in,
area settings.

2

Figures 23a, b, and c show the normalized turbulent pressure
spectral density for several different pressure levels with annulus area
values of 410, 246, and 110 in,2, The spectra is smoothed to ignore any
fluctuation less than 10 cps in width so that the basic frequency distribu-
tions occurring for several different pressure levels may be compared.
Section 4. 1.1 defines the normalized turbulent pressure spectral density.
Inspection of the figure shows that little change in the shape of the fre-
quency distribution is experienced in decreasing the annulus area and
that, in general, the distributions are of the sloping type. For this
configuration, venturi inlet Reynolds number values were generally
below that required to produce the uniform spectrum discussed in
Section 4. 2, 3.

The distortion producing characteristics of this configuration are
given in Fig. 24, Figure 24a shows that a steady increase in distortion
takes place as the annulus area is decreased. The results are valid
for both values of inlet temperature under consideration. Figures 24b, c,
and d are representative polar plots showing the normalized pressure
distribution over the simulator inlet. The plots were obtained by cross-
plotting radial and circumferential pressure profiles, assuming linear
variance from probe and probe. The distortion patterns indicate a
slight circumferential pattern which seems to rotate slightly and be-
come strong as annulus area is decreased. The patterns are circum-
ferentially of a one/rev type and radially of a tip radial nature. The
patterns shown were taken with a value of total temperature at the simu-
lator inlet of 1083°R. The patterns at the lower value of temperature
were similar in shape, but generally slightly less severe,

4.3.2 Open Configuration — High Corrected Airflow Case
The variance of the averaged values of turbulence amplitude with
venturi annulus area is shown in Figs. 25a and b, Maximum and mini-

mum values are indicated by the dashed lines. Data are shown for two
different aft venturi centerbody guide tube support positions (see
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Section 2.1.1 and Fig. 3b). In the case of the slip ring leadout strut at
0 deg, the guide tube supports are positioned such that the rakes sensing
turbulence are in the wake of the guide tube supports and do not truly
represent turbulence amplitude in the free stream. The single probe
data shown in Fig. 25c¢ may be affected by the support position also.

Generally, turbulent total pressure increased with decreasing
annulus area and the estimated wall static pressure (Fig. 25d) decreased.

Figure 26 shows typical profiles of turbulence amplitude in the
stream for this configuration. In all cases the higher values occurred
near the bulletnose.

Representative spectra are shown in Fig. 27. Two different dis-
tribution shapes are seen to occur for this configuration. Both the
sloping and uniform distributions are present. The uniform spectra
occurs for pressure levels at the simulator inlet of 15 and 20 psia
which correspond to high venturi inlet Reynolds numbers.

Figure 28a shows that distortion becomes very large as venturi
annulus area decreases. A maximum value of 52 percent occurs at an
annulus area of 110 in.2,

Contours of constant pressure are shown in Figs. 28b through e.
All profiles are essentially of a tip radial, one/rev nature (although
some additional minor circumferential depressions do exist). Fig-
ures 28c and d show the effect of changing the orientation of the center-
body guide tube aft support assembly.

4.3.3 Light Screen Blockage Configuration

A slight increase of the averaged turbulent amplitude is seen to
occur with decreasing annulus area in Figs. 29a and b. The spread
between the maximum and minimum valves in the field also increases.
Little change is found in the single probe data with decreasing area as
shown in Fig, 29c, whereas the wall static pressure in Fig, 29d shows
an increase,

Figures 30a through ¢ show that the turbulence near the bulletnose
becomes the higher value as the smallest annulus area is obtained.

1Al other configurations tested which are included in this report
were conducted with the turbulence pressure rakes exposed to the free
stream.
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Spectra shown in Figs. 3la, b, and c indicate the insensitivity of
the frequency distribution to changes in annulus area. The uniform dis-
tribution is seen again to evolve at the higher pressure levels.

Figure 32a shows that distortion increases with decreasing annulus
area to a value of 32 percent for pressure levels above 10 psia and to
43 percent for the 5-psia case. Very little variation in pressure is
seen to exist in Fig. 32b which represents the distortion distribution
for this configuration with an annulus area value of 410 in.2. Fig-
ures 32c and d show that as the area decreases a predominately tip
radial, one/rev, distortion pattern with additional smaller circum-
ferential variation is produced.

4.3.4 Intermediote Screen Blockage Configuration

Figures 33a, b, and c¢c show that very little variance of turbulence
amplitude with annulus area occurs for the averaged cases, whereas a
decrease takes place with decreasing area for the single probe. The
spread between the maximum and minimum values shown in Figs. 33a
and b indicates little change until the area is decreased below 150 in.2.

The slope of the curve of turbulence amplitude versus immersion
depth into the stream is seen in Figs, 34a through c to become steeper
as annulus area decreases. The difference between the two angular
locations indicates that a circumferential variance of turbulence also
exists with the rake at the 22, 5-deg location having the higher values.

Typical spectra shown in Figs. 35a, b, and c for this configuration
indicate some variance in the shape of the curve for the 10-psia level
between the 410 and 110 in.2 area settings (Figs. 35a and b). This dif-
ference (along with the large relative circumferential variance in tur-
bulence amplitude) results from a change in the mode of flow which
exists in the venturi as the annulus area is decreased. Figure 36a
indicates that an abrupt change in the distortion magnitude also occurs
as annulus area is decreased. Inspection of venturi wall static pres-
sure longitudinal distributions indicates that the flow is attached to the
venturi wall for both modes of flow. A large change in radial distor-
tion (from hub radial at 410 in.2 to tip radial at 110 in.2) is shown in
Figs. 36b, c, and d as annulus area decreases and suggests that flow
separation may occur on the centerbody wall as it moves downstream.
The high blockage concentrated near the center of the stream at the
venturi exit is the instrument whereby back pressure causing separa-
tion could be produced (see Fig. 5b).
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4.3.5 Heavy Screen Blockage Configuration

Low values and little variance of turbulence amplitude with annulus
area are seen to exist for this configuration (Figs. 37a, b, and c). The
spread between the maximum and minimum values increases slightly
with decreasing annulus area.

Figures 38a, b, and c indicate that little variance in turbulence
amplitude radial profile exist for this configuration.

Spectra shown in Figs, 39a, b, and c indicate the presence of both
the sloping- and uniform-type frequency distributions. In addition to
these random distributions, a harmonic family exists in some of the
spectra (see Section 4. 1. 3).

Figure 40a shows that little distortion occurs at any setting of
annulus area (generally less than 5 percent). Pressure contours shown
in Figs. 40b, c, and d indicate very mild distortion at all settings of
annulus area in both the radial and circumferential modes.

4.3.6 VYortex Generator Screen Configuration

Figures 41a through c show little variance of turbulence amplitude
with annulus area for the averaged or the single probe data with this
configuration. An increase in wall static pressure occurs with
decreasing annulus area as shown in Fig, 41d.

Figures 42a, b, and ¢ show that very little difference exists in the
radial profiles of turbulence amplitude from area settings of 410 to
110 in.2,

Typical spectra produced by the vortex generator configuration are
shown in Figs. 43a, b, and ¢c. Some periodics exist for this configura-
tion.

Distortion varied little with annulus area as shown in Fig. 44a.
Figures 44b and c indicate that the distortion pattern is predominately
hub radial at annulus areas of 410 and 246 in.2, Figure 44d shows that
a more complex pattern (still hub radial) results with an area setting
of 110 in.2,

4.3.7 Miscellaneous Observations and Summary of Turbulence and Distortion Calibration Dota

Comparison of amplitude levels and trends as given in terms of
averaged values to single probe values indicates that single probe values
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are not sufficient to describe the flow field. Averages calculated using
one probe near the simulator wall and one probe near the bulletnose were
found to compare well in most cases toc averages based on five values
along a radius from the bulletnose to the venturi wall. Since variations
in turbulence with circumferential location were experienced, a more
suitable arrangement of turbulent pressure probes would then be a num-
ber (possibly four or six) of two probe rakes equally positioned circum-
ferentially.

Little difference is found in the shape of the spectra produced by the
different screen configurations. This allows simulation of frequency
distributions of shock-wave-induced turbulent flow at levels of turbulence
amplitude and distortion different from that obtainable only with the open
configuration,

The overall capabilities of the turbulence generator are shown in
Figs. 45a and b. The representative points plotted indicate that values
of turbulence up to 28.4 (0- to 50-cps bandwidth) and 57.0 (0- to 600-cps
bandwidth) percent of the steady-state total pressure level are available
from the generator. Distortion levels up to 52 percent are produced by
the system. The coverage of the 'turbulence-distortion map'" (Fig. 45)
provided by the turbulence generator is sufficient to allow meaningful
testing of a YJ93 turbojet engine based on the estimations (supplied by
the user) of turbulence amplitude existing in the aircraft duct.

4.4 AIRFLOW CALIBRATION

To facilitate calculation of airflow, and thereby calculation of per-
formance parameters, in the second (engine) phase of the turbulence
investigation, a flow coefficient must be determined at some point in the
flow system. Flow coefficients at both the venturi annulus and at the
simulator inlet were investigated for this purpose. Airflow calculated
at the exit plane of the conic nozzle served as a standard for the calcu-
lation of flow coefficients. Flow coefficients were calculated as
described in Appendix I.

The flow coefficient at the venturi annulus was found to vary pri-
marily as a function of annulus area, venturi inlet Reynolds number,
and the configuration of the flow straightening screens installed at the
exit of the venturi. Variance of flow coefficient at any given venturi
annulus area setting with static-to-total pressure ratio at the plane of
airflow measurement was negligible because, over the airflow range of
interest, the system was choked.
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4.4.1 Effect of Varying Centerbody Immersion Depth

To properly understand the variance of flow coefficient and static-
to-total annulus pressure ratio with area, the behavior of annulus area
with centerbody immersion depth must be understood. Figures 46a, b,
and ¢ are schematics of the flow passage of the venturi-centerbody com-
bination and show the plane of airflow measurement for annulus area
settings of 410, 246, and 110 in.2., The minimum cross-section area of
the system exists at a point five inches upstream of the minimum
venturi diameter for centerbody immersion depths less than 87 percent
of full travel (30.6 in.) and at various locations between the 5-in. up-
stream plane and the minimum venturi diameter for the last 13 percent
(5.4 in,) of centerbody travel. To keep the plane of airflow measure-
ment at a near critical flow position over the entire range of centerbody
movement, airflow is calculated at the location 5 in. upstream of the
venturi minimum diameter for the first 30.6 in. of motion and then at
the plane of venturi minimum area for the last 5.4 in. of travel. These
cross-section areas will normally be somewhat greater than the mini-
mum flow area, and therefore the flow coefficients will be lower than
would be expected if the true minimum flow area (throat) had been used.
Figure 47 shows the variance of airflow measurement plane area with
centerbody immersion depth. !

The effect of the plane area change on static-to-total pressure
ratio is shown in Fig. 48. For the greater portion of the area variation,
the pressure ratio is very nearly the critical pressure ratio. As the
area decreases to 150 in.2, the pressure ratio begins to rise indicating
that the throat of the system is starting to move toward the plane of
minimum venturi diameter as shown in Fig. 48; the flow is initially
supersonic but rapidly moves upward through the critical value of pres-
sure ratio to an unchoked value at the fully inserted position of the
centerbody. Although the pressure ratio varies considerably as area
is changed, the value of pressure ratio for any given value of area is
essentially constant which allows its effect on flow coefficient to be
incorporated into the variation of flow coefficient with area. Between

1()riginal design of the apparatus assumed operation over only the
first 87 percent of venturi centerbody travel which would have provided
a very straightforward variance of area with venturi centerbody immer-
sion depth. Testing however showed that the greater immersion depths
were required so that the range of turbulence and distortion desired
could be properly covered, therefore making necessary the somewhat
complex behavior of the venturi airflow measurement plane described
above,
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200 and 370 in.2 (corresponding to centerbody immersion depths of 23
and 4 in., respectively), the pressure ratio curve is very flat and takes
on a value of 0.505 on the average indicating slightly supercritical
operation (Mach number of 1.04). This region would then be the most
favorable for use in measuring airflow for the determination of engine
performance parameters. Measurement at area values of less than
160 in.2 should be avoided.

4.4.2 Reynolds Number and Screen Blockoge Effects

Figures 49a, b, and c show the variance of flow coefficient with
venturi inlet Reynolds number for different screen configurations at
venturi annulus areas of 410, 246, and 110 in.2, The variation of flow
coefficient with Reynolds number in general is most pronounced for
Reynolds numbers below 2 to 3 x 108, Above this point, the effect is
seen to become less significant; that is, the curve becomes essentially
flat above 3 x 108, Figure 49 also shows that the slope of the curves of
Reynolds number versus flow coefficient below Reynolds number values
of 3 x 108 are negative for both the open and vortex generator screen
configurations and positive for the light, intermediate, and heavy con-
figurations. The main physical difference between these two groups of
screen configurations is that the vortex generator and the open configu-
rations both have very light area blockage immediately at the exit of the
venturi (and at the end of the centerbody guide tube), whereas the other
configurations have relatively heavy blockage at this point. The block-
age of the upstream screen then seems to be the slope determining
factor. (Figures 5 and 7 show screen locations and configurations, and
Table I lists their major characteristics.) The fact that the screen
configurations which are downstream of the plane of airflow measure-
ment have any effect on flow coefficient (since supersonic flow exists
for a portion of the distance between the two planes) suggests that feed-
back through the boundary layer along both the centerbody guide tube
and venturi wall is the mechanism providing the effect. The change in
the slope of the flow coefficient versus Reynolds number curves then
would have to be a result of different manifestations of the back pres-
sure feedback through the boundary layer.

For the case of the light, intermediate, and heavy screen configura-
tions, venturi flow coefficient increased with increasing Reynolds num-
ber. This behavior may be explained by decreasing boundary layer
displacement thickness which occurs with increasing Reynolds number.
In the case of the open and vortex generator screen configurations the
effect is reversed. Centrifugal effects, shifting sonic plane, or other
effects that may change the effective flow area appear to be predominate
in this case rather than the normal displacement thickness growth of the
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boundary layer. These mainstream changes may be caused by rela-
tively large differences in the boundary layer, which are caused by
changes in screen configuration at the venturi exit,

Generally flow coefficient increased with increasing blockage at the
venturi exit for any given centerbody immersion depth and Reynolds
number,

4.4.3 Miscellaneous Effects on Venturi Annulus Flow Coefficient

Venturi annulus wall temperature, centerbody and support assembly
elastic deformation, and airflow leakage between the centerbody and the
guide tube were effects which were found to be either accountable in
calculation or to have negligible effect on the venturi annulus flow
coefficient.

Inaccuracies in the determination of centerbody immersion depth
resulted in some scatter in the flow coefficient data. The inaccuracies
resulted from mechanical slack in the centerbody driving mechanism,
instrument and reading error, nonrepeatability of limit switches used
to establish minimum and maximum centerbody immersion depths, and
in several cases, plastic deformation of the centerbody (Section 4.5, 1),
Comparison of data from several different tests allowed the effect of
the scatter to be diminished. The extent to which the scatter exists is
shown in the combined flow coefficient curves in Fig. 50,

4.4.4 Combined Flow Coefficient Curves

Figures 50a through d are representations of venturi annulus flow
coefficient and combine all effects into the variation of flow coefficient
with annulus area and venturi inlet Reynolds numbers. Each individual
plot is for a particular screen configuration. Figure 50c serves to
describe the characteristics of both the heavy and intermediate screen
configurations.

The lines of constant Reynolds number were obtained by cross-
plotting flow coefficient with Reynolds number for each screen configu-
ration at several different values of centerbody immersion depth.
(Figure 49 is typical of the crossplots used to obtain these curves.)
The data shown on these plots indicate the degree of scatter present.

The discontinuity in the slope of the flow coefficient curves results
from the change in planes of airflow calculation previously discussed.

With knowledge of screen configuration installed, venturi inlet
Reynolds number, and venturi annulus area, a flow coefficient may be
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found from these curves for the calculation of engine performance
parameters during the engine portion of the turbulence investigation.

4.4.5 Simulator Inlet Flow Coefficient

The flow coefficient at the inlet to the simulator varied primarily
with pressure distortion. The degree to which the flow coefficient
scattered depended on the Mach number at the inlet.

Figure 51a shows the effect of pressure distortion on the flow coef-
ficient at the simulator inlet. Generally, the coefficient decreases as
distortion increases. The effect is more severe as corrected airflow
is decreased., The decrease in flow coefficient with distortion is
caused by the manner of calculation used to determine airflow at the
inlet (Appendix I). An arithmetic average of static pressure, total
pressure, and total temperature is used to calculate airflow. This
type of calculation is exactly correct for the case of no pressure or
temperature distortion only. In practice, however, good results are
obtained for values of distortion up to approximately 5.0 percent. (This
may be seen from the grouping of data below 5. 0-percent distortion in
Fig. 51a). To further illustrate the effect of distortion on the flow coef-
ficient calculation, values of flow coefficient for a sample condition
were calculated by dividing the simulator inlet plane into segments,
calculating airflow on a local basis (using local values of pressure and
temperature), and then summing the airflow values of each segment.
This operation was performed using five concentric circles as seg-
ments and using 80 segments (four 90-deg arcs of 20 concentric circles).
The value of distortion for the condition under consideration was 52 per-
cent. The flow coefficient based on average pressure and temperature
was 0.8814; based on the five-segment calculation, it was 0.9102; and
based on the 80-segment calculation, the value was increased to 0.9346.
Application of segmented area techniques of calculation is then a
method whereby the distortion effects may be diminished; however, a
great number of pressure and temperature samples must be obtained,
and the calculation procedure becomes very lengthy.

Figure 51b shows the scatter of the simulator inlet flow coefficient
as a function of Mach number for different nominal values of distortion.
The scatter bands decrease greatly as Mach number increases. This
result is to be expected since the differential between static and total
pressure increases with increasing Mach number and may then be meas-
ured with greater accuracy and repeatability. A scatter band for dis-
tortion values less than for 5,0 percent is shown in Fig, 51b and indi-
cates a reasonably well-behaved flow coefficient at values of inlet Mach
number above 0.40. At lower values of Mach number and higher values
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of distortion, the scatter is so great that the airflow measurement at
this location is unsuitable for calculation of engine performance param-
eters,

4.5 STRUCTURAL INTEGRITY

One major objective of this test was to determine if the structural
integrity of the turbulence generating system was sufficient to allow
safe operation with an engine installed instead of the simulator. The
elements in the airstream were subjected to both static and dynamic
loading.

4.5.1 VYenturi Centerbody Assembly

Several structural problems occurred during testing which resulted
from static loading (aerodynamic forces) on the centerbody. Cap screws
which retain the centerbody to the drive mechanism and the centerbody
forward collar were deformed on two different occasions. Figure 52a
shows collar deformation which took place on one occasion, and Fig. 52b
indicates the modifications which were made. During subsequent test-
ing, the turbulence generator was operated successfully up to the loads
produced by the conditions shown in Fig. 53.

On the first occasion of centerbody collar deformation, binding
occurred between the collar and the guide tube imposing highly increased
loads on the driving mechanism. Because of these loads, two universal
joints on the centerbody drive shaft failed. The damage was repaired,
and no difficulties with the drive mechanism were experienced during
the remainder of the test.

4.5.2 Flow Straightening Screens and Grid Supports

The grid supports which retain the flow straightening screens were
sound and performed without failure during testing. Tie wires (used
to retain the screens to the grids) failed, and the screen wire chaffed
and shed wires on several different occasions., Fatigue due to the tur-
bulent airstream was the cause. It was found during subsequent testing
that this problem could be eliminated by using a greater number of wire
ties to prevent relative motion among ties, screens, and retaining grids.

To ensure to the highest degree possible that no wires or wire ties
fail and are ingested into the engine compressor during the engine por-
tion of this program, the screens and wire ties must be closely in-
spected prior to each test period.
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4.5.3 Instrumentation Rokes and Apparatus

On several different occasions the pressure rakes, installed at the
22.5- and 202.5-deg locations at the simulator inlet (Fig. 54), experi-
enced a loss of the bulletnose alignment pins., Replacement of the pins
was made only to have them fail again shortly thereafter. Since the
rakes are very solidly constructed and the data sensed by the rakes
were not adversely affected by the loss of the pins, operation without
the pins (or a change in the type of rake to be used) would be highly
desirable during the engine portion of this test to prevent possible
damage to the engine.

The slip ring instrumentation lead-out tube (Fig. 3c and Section II)
experienced several difficulties during testing. On several different
occasions lock and alignment pins in the tube and on the lead-out strut
were found to be broken, bent, or jammed in retracted positions and
did not lock properly. Repair of the broken pins by brazing was
accomplished, but failure again occurred. A design change to allevi-
ate the pin problem will be required to prevent ingestion of such pins
into the engine during the second phase of this program. In addition
to the pin problem, slip ring inner cooling air tube supports were found
broken when the assembly was removed after testing. It is believed
that this was caused by improper assembly or the lack of proper sup-
port resulting from the omission in the assembly of internal components
which will be installed for the engine portion of the test. (These in-
ternal components were not required during the simulator phase of the
test since aerodynamic similarity of the tube was not altered by their
absence. )

4.5.4 High Dynamic Pressure Proof Test

To ensure that the turbulence generator and installation was sound
enough to use in front of an engine, the system was operated at a steady-
state condition of 23. 0-psia total pressure at the simulator inlet (this
pressure level is the highest to be used during the engine phase of’
testing). In addition to this steady-state operation, the inlet of the
simulator was subjected to a pressure spike with a total pressure of
34. 0 psia for 12-sec duration and a level in excess of 25 psia for
approximately 25 sec. (The spike was provided by the failure of a con-
trol valve at the inlet to the test cell.) Inspection of the installation
after these loads were applied revealed no failures in the apparatus.
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SECTION V
SUMMARY OF RESULTS

The results obtained during this investigation and calibration are
summarized as follows:

1.

Sufficiently high values of turbulence amplitude may be ob-
tained at various values of total pressure distortion to allow
meaningful testing of a turbojet engine under turbulent inlet
flow conditions. Values of peak-to-peak turbulent pressure
amplitude up to 28.4 (0- to 50-cps bandwidth) and 57. 0 (0- to
600-cps bandwidth) percent of the steady-state total pressure
level were obtained with total pressure distortion ranging to
52 percent by using five different screen configurations at the
exit plane of the venturi.

The turbulent pressure output of the generator is a stationary
random (or random with sine mixed) waveform whose frequency
distribution (power spectral density function) from 0 to 200 cps
is sloping or uniform depending on the venturi inlet Reynolds
number. Little difference in the shape of the power spectral
density function is found in changing centerbody position or
screen configuration.

The total pressure distortion produced by the turbulence
generator may be either tip or hub radial and is generally of a
one/rev circumferential nature.

Good airflow measurement at the venturi annulus may be ob-
tained with the centerbody immersed into the venturi between
4 and 23 in. Over this range, the coefficient was found to vary
with venturi inlet Reynolds number, annulus area, and screen
configuration from 0. 929 to 0.978. Satisfactory airflow meas-
urement at the simulator inlet is possible only if the Mach
number exceeds 0,40 and total pressure distortion is less

than 5 percent.

Several difficulties which were experienced with the apparatus
during testing have been corrected. Generally, the structural
integrity of the turbulence generator, its support assembly,
and instrumentation rakes was found to be sufficient to permit
safe operation of a turbojet engine. To ensure as safe a situa-
tion as possible, extremely careful inspection of retaining pins,
screen wires, and retaining wires for the flow straightening
screens should be performed prior to each test period with an
engine behind the generator,
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29.00 12,02 47,588 3,397
29.97 12,13
35,09 12,66
71.09 16.45
108.21 20.35

c. Venturi and Centerbody Coordinates

Fig. 2 Continved
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d. Venturi Centerbody

Fig. 2 Continved
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e. Venturi Centerbody Installed in Venturi
Fig. 2 Concluded

G61=G9-41-04d3Y



LE

a. Forward Guide Tube Supports

Fig. 3 Installation of Venturi Centerbody
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Supports:
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Slip Ring
Leadout Strut

b. Aft Guide Tube Supports
Fig. 3 Concluded
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a. Photograph
Fig. 4 YJ93 Airflow Simulator
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b. Long Bulletnose
Fig. 4 Concluded
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a. Light Blockage Screen

Fig. 5 Screen Configurations
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b. Intermediate Blockage Screen

Fig. 5 Continued
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c. Heavy Blockage Screen Configuration

Fig. 5 Continved
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d. Vortex Generator Screen Configuration

Fig. 5 Concluded
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e
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e — D,

INLET PLENUM

LSECONDARY VENTURI LEXHAUST EJECTOR

PRIMARY VENTURI REAR BULKHEAD
0 50 100
S I S
SCALE , in.

Fig. 6 Installation of the YJ93 Simulator in Propulsion Engine Test Cell (J-1)
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SEE FIG.7b FOR VENTURI WALL STATION LOCATIONS

TURI NTERBODY
INLET BULKHEAD VENTU cE

—SCREEN RETAINING GRIDS

@

BULLETNOSE

/—J93 SIMULATOR

0 25 50 75 100
i

| S— 1 i Jd
SCALE INCHES
t x t x
STATION 00| 2 | 7 [7.5758.0[8.0
TOTAL PRESSURE 0 {37{20{0|0|0 {0
STATIC PRESSURE 2 (HH[0]0]0|4]| 4
STREAM TEMPERATURE | O |11 [O0]|0[0O]0 ]| O t 549.8 in®2 NOZZLE ONLY
WALL TEMPERATURE 0[0({0}j2{0|2]|4 x 777.7in2 NOZZLE ONLY

a. Longitudinal Location of Simulator Measuring Plones

Fig. 7 Instrumentation Station Locations

G61-59-31-003V



LY

Movable

Centerbody————“\\\ 3
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X, Longitudinal Plane Designation

(See Figs. 8b, ¢, and 4d)
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)
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Spiraling Line of Static

Pressure Taps

b. Venturi Wall Static Pressure Measuring Stations

Fig. 7 Concluded
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» Reference Pressure
O Total Pressure

@ Static Pressure

X Total Temperature
® Wall Temperature

270° 90° 270"

Circumferential
o Location Designation

155
180° 180°

a. Station 00, Plenum Chamber b. Station In-xu, Venturi Converging Wall
(Upstream of Venturi Minimum Diameter)

X (Longitudinal Plane Designation)

180°

c. Station In, Venturi Minimum Diameter 180°

d. Station In-xd, Venturi Diverging Wall
(Downstream of Venturi Minimum Diameter)

Fig. 8 Instrumentation Station Details (Looking Upstream)
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% Reference Pressure
O Total Pressure

@ Static Pressure

X Total Temperature
B8 Vibration Sensor

Rake Number [1]2]314]516] 79I NEEEEEE
ea ¥ <] X XIX[X I
High Res X X X X 1

180° Po-1-2

e. Station 2, Simulator Inlet 5.87 in. Upstream of Simulated Compressor Front Frame

Fig. 8 Continued
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¥% Reference Pressure
O Total Pressure

@ Static Pressure

» Total Temperature
® Wall Temperature

o°
270 »-90°
180°
. . . 2
f. Station 7, Conic Nozzle Inlet Plane g. Station 7.5, Mid-Plane of 550-in.

Conic Nozzle

180° X -
/ 180°
h. Station 8, Exit Plane of 550-in.2 i. Station 8, Exit Plane of 778-in.2
Conic Nozzle Conic Nozzle

Fig. 8 Concluded
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Pressure, Arbitrary Units

Pressure, Arbitrary Units

AEDC-TR+«65+195

!

Average
Peak-to~-Peak
Anmplitude
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Steady-State
Pressure Level

Time, Arbitrary Units

a. Turbulence

z::>\\___’,,/”'——;_~“\\
Average

Steady-State
Pressure Level

g

Distance along a Radius
at a Fixed Angular Location

Average
Steady-State
Pressure Level

:

Distance along a Circum-
ference at a Fixed Radius

b. Distortion (Rectongular)

Lines of Constant
§§ Pressure

e

/

Physical
Boundaries

c. Distortion (Polar)

Fig. 9 Graphical Definitions
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Open Screen Configuration,
Rep = 1.0 x 108,
Wo, = 145 1by/ sec

. Heavy Screen Configuration,

Rep = 1.0 x 108,
Wa. = 260 Ib,/ sec

Fig. 10 Turbulence Waveforms

b. Open Screen Configuration,
Rep = 2.2 x 108,
Woa, = 185 Ibm / sec

d. Heavy Screen Configuration,

Rep = 3.0 x 108,
Wa, = 260 b,/ sec
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Frequency, cps

o. Sloping Total Pressure Distribution, Open Screen Configuration, Rep = 1.0 x 108, Wa,

Fig. 11 Typical Power Spectral Density Functions for Turbulent Pressure
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Relative Normalized Turbulent Pressure Spectral Density,<

10 20 30 40 50 60 70 80 9% 100 110
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b. Uniform Total Pressure Distribution, Open Screen Configuration, Rep

Fig. 11 Concluded
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Auto-Correlation Function, R(t)
(Fraction of the Mean Square Amplitude)

AEDC-TR465-195

1.00

0.80

0.60

-0.20 M
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Induced Lag Time, 7, msec

a. Sloping Total Pressure Distribution
1.00

0.80

0.60

0.40

0.20

OJT_| [ >

-0.20
0 10 20 30 40 50 60
Induced Lag Time, T, msec

b. Uniform Total Pressure Distribution

Fig. 12 Typical Auto-Correlation Functions for Turbulent Pressure
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Immersion Depth, in.

Fig. 13 Turbulence Waveforms at Different Immersian Depth into the Airstream
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Fig. 14 Turbulence Transmissibility

57



AE

DC-TR-65-195

o
o
fap]
™ %
n. N
ol owm oo @D
84ll|0
.,n - N ™ Al
<l W\ Y g
/// \ \ «a
W\
AR
/ o
67 \ — <
W\ N
W\
ASAY o
\\y N
| \ )
i .
o
N
o
0
- -
7
/
_ 3
—
o
A~y
-
o
Tm 0N © n O O m
O e~ ¢ 00 e~ —
yn T M N A~
ﬁ|Aa
o
- (=]
£ |V1
> odocd
N o
o o o o [e] o o
o = =) =) = o o

58

17 (urptmpueg sdo-0p09 ©31 -0)
A%mv ‘apnltiduy 2JansSsSald 3uUaIngqJan] pPazZTITedWJaoN

Corrected Airflow, Wa_, lbm/sec

Fig. 15 Voriance of Turbulence Amplitude with Corrected Airflow, Open Screen Configurotion



Ratio of Venturi Wall Static to Inlet Total Pressure, pw/P00

6¢

' 1 T T
I Sym Wac, lbm/sec
I o) 140
0.80 A 160
o 180
0 260
0.60
0.40
0.20 :
I
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0 o1 L LT T
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Longitudinal Displacement from Venturi Inlet, in.

Fig. 16 Venturi Wall Static Pressure Distributions, Ag, = 110 in.2, Open Screen Configuration
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Fig. 17 Estimated Turbulence Generator Shock-Wave Systems, A,, = 110 in.2Z, Open Screen Configuration
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Fig. 18 Variance of the Normalized Turbulent Pressure Spectral Density with Corrected Airflow
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Fig. 21 Variance of Turbulence Amplitude with Annulus Areq,
Open Screen Configuration, Wy, = 145 Iby / sec
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Fig. 22 Relative Turbulence Amplitude Radial Distribution,
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Fig. 23 Normalized Turbulent Pressure Spectral Density,
Open Screen Configuration, Wo, = 145 by, / sec
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b. Distortion Pattern, Aqn = 410 in.2

AEDC-TR-65-195

Ratio of Local
to Average
Total Pressure

d. Distortion Pattern, Agn, = 110 in.2

Fig. 24 Concluded

c. Distortion Pattern, Agn = 246 in.
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Ratio of Local Turbulence Amplitude to Average Turbulence Amplitude
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Fig. 26 Reldtive Turbulence Amplitude Radial Distribution,
Open Screen Configuration, Wo_ = 260 |by, / sec
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b. Distortion Pattern, Agn = 410 in.2 ¢. Distortion Pattern, Agn = 246 in.2
(Slip Ring Leadout Strut at Normal (Slip Ring Leadout Strut at 0-deg
Position) Position)

Ratio of Local
to Average
Total Pressure

d. Distortion Pattern, Agn = 246 in.2 e. Distortion Pattern, Agn, = 110 in.2
(Slip Ring Leadout Strut at Normal (Slip Ring Leadout Strut ot 0-deg
Position) Position)

Fig. 28 Concluded
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a. Photograph

Fig. 52 Venturi Centerbody Deformation and Modifications
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TABLE 1
SCREEN CONFIGURATIONS

Configuration* Blockage Blockage, Screens**
Number Description percent Forward Aft
4000 or 4100 Open 0 None None
4007 Light 34.9 None 321in. - 4x 4 x 0.047
4003 Intermediate 53.0 30 in. diam*** None

8x8x0.047 ona
32 in. diam
4 x 4x 0.047

4004 Heavy 78. 17 30 in, diam Full - 8 x 8 x 0.032
8x8x 0.470ona
32 in, diam
4 x 4x0.047

4008 Vortex Generator 60. 4 Full - 1x1x 0.063 Three 2-1/4-in.-wide concentric
Rings rings with inside radius of 5, 9,
and 13 in.

%4000 indicates 777. 7-in.2 nozzle installed on simulator.
4100 indicates 549. 8-in.2 nozzle installed on simulator.

**All screen overlays are listed in the order in which they were attached to the grid support.

“¥Interpretation of screen wire specifications

30 in., diam 8 x 8 x 0,047
\ / N \——y—/

] L,/Diarneter of wire

— Number of wires per inch

Diameter of overlay

S61=69°41-0Q3V
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TABLE |l
INDEX TO TABULATED DATA

Test Screen Configuration Page Number
Number Number (Data Package)

60 4000 21

61 4000 37

62 4001%* 52

63 4002% 72

64 4003 and 4004 85

65 4005% 103

66 4003 and 4006%* 118

67 4000 138

68 4007 177

69 4008 189

70 4004 222

71 4003 and 4000 250

72 4007 303

73 4100 345

T4k 4100 463

7 5% 4100 496

*Screen configurations which were found unsuitable or redundant
and are therefore not covered by this report. Details of these
screens are included in the Data Package.

**Test run at simulator inlet total temperature of 1083°R,
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TABLE 1l
TABULATED DATA HEADINGS

«———Setting Condifions Sheet |
T P Aon Ay
R psio  ——inf— &
PP M&z
% -
Pmplwsu%chmct’Lcthﬂm."Tnh‘-'u'umwo.“—PwszRz’z%:—";:::“
psia - in2 - ‘R——r Ib/sec R ~——psiG—
Sheet
g M M e G BROR B Gy O T e Y N, % G B %R
Iz Po 3, Po 3,
R Ib/sec psia R Ib/sec— psia Ib/sec
Sheet 4

Ye Rou A 2 V% BB

e1l
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TYPICAL COMBINED TEMPERATURE AND PRESSURE REFERENCE PRINTOUT

TABLE lIl (Concluded)

T2 Twh T'VPS Twe Pin "z P-,
T2-6-1 [ T2 [ Fwn-2-1 | 'wvps4 | 75 Pin-5-a | Rty | Prois
-6-2| -182 -5-1 2] 21 -5-4 -3 -3
-¢-3| -18-3 -9-1 Tg-1-2 -5-4 w32 -3
-6-4| -164 32
65| -18-8
TYPICAL PRESSURE PRINTOUT
Ro Pin-xu Pin Pin-xd P2 P2 Py fo
Poo-1-1| Pin-6 [Pin-4 [Pin-1-1 [P0-7-1 [ Pin-1 [Pn-8 [Pin-9 [Pin-13 -3-1 [P2-7-1 [ P2t [Foi7-1 [ P2-7-2 [ Pei7—2] P10 -6 [P7-1-0t |Pr-t-i6 ] Pa-1-1
24 -s-4 -3 31 -8-} -2 -6 -10 -14 -3-3) 73 -u3| ar3]| -7-4| -174] -2 -7 k2| -7 -2-1
-8-3 -2 -4-1 -10-1 -3 -7 -1l -15 38| 75 -u85| ars8}] -7-8| -ir-6] -1-3 -1-8 3| --18 3
-5-2 - -6-1 -H-1 - -8 -12 -18 37f -7 -7 7] -r-8 [ 78] -14 -1-9 -1 | -9 -4-)
-5- 39| -79| -w9]| 4r9] -m0| -m0] -1-5 40| -5 20
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APPENDIX |
METHODS QF CALCULATION

The general methods and equations used to compute the parameters
presented in this report are given below. Where applicable, the
arithmetic average of pressures and indicated temperatures was used.

SPECIFIC HEAT

The specific heat at constant pressure was calculated from _he
empirical equation: 1’

cp = 0.2318 + 0.104 x 107" T + 0.7166 x 107" T"

The ratio of specific heats was determined from:

y =
where

TEMPERATURES

The total temperature was obtained by applying a recovery factor
to the indicated temperature according to the following equation:

B o[-0

0.890 (station 2)

T =

where
RF

]

Adiabatic wall temperatures were calculated from the expression:

y—1

&7 a7 ]

Tw

It

ad

where
RF .4 = (Prandtl number)/3 = 0.90
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VENTURI-VENTURI CENTERBODY ANNULUS PHYSICAL AREA

The physical area of the plane at which airflow was measured was
calculated by

Aan = C[' X Av -th X Ac

where
A 2 t
Ci = —atT)  _ 1 4 2a(AT) (AT)
‘ A(qt 540°R) tee v
where

AT = Tw - 540

The subscript w indicates wall temperature, v indicates venturi wall,
and ¢ centerbody wall.

The plane of minimum area of the venturi-venturi centerbody com-
bination for the purposes of airflow measurement was assumed to exist
at either of the following locations:

Range Throat Position
0 < x” < 31.00 Throat at position 5 in. upstream of the

plane of minimum venturi diameter.
Ay = constant = 499.716 in.’

31.00 < x~ Throat at the plane of minimum venturi
diameter.

Ay = constant = 425.412 in.’

where
x" =x - 8+ Ax

x = measured centerbody immersion depth

and
Axy = (57.38 ~8) Twc + 78.91 Tw'

£ is a constant which is measured and will adjust for the fact that at x
equal to zero, the minimum centerbody diameter does not lie exactly
in the plane 5 in, upstream of the venturi minimum diameter plane.

The area of the centerbody is given by
AC = ﬂRcz
where for 0 < x’ < 31.0

1 3 4
Re =a+bx"+c¢x” +dx” +e x’

116



AEDC-TR-65-195

and for 31.0 < x’

4

Rc a+b(x'-—5)+c(x'—5)2+d(X'—5)s+€(x’~5)

where
a = 0.340123 x 10

b = 0.42102

c = -0.17456 x 10"
d = 0.60570 x 107°
e = ~0.83810 x 10"

The above expression for R¢ is an empirical curve fit for the contour
of the centerbody over its range of motion in the planes of airflow
measurement.

AIRFLOW

Venturi-Venturi Centerbody Annulus

Airflow at the venturi-venturi centerbody annulus was calculated
from the equation:

-1

Ya
P

i 2)’2 g Pan Aan 1~ (Pan) 2

Wa - j X 00

V R(,-1) VT ()7

Simulator-Inlet

Airflow at station 2 (simulator inlet) was calculated by

» )’z_i‘
2y, 8 P2 A; Cy, 1_(?2;):2
Wa = X

R(}’z“l) \/Tz (p2> :

Conic Nozzle

Airflow at the exit of the conic nozzle was calculated by the follow-
ing equations:

Nozzle Unchoked:

P
27,8 Po As Ci, Ca, \1 - (p—j :
Wa = !
Ry, = 1) NEN (;‘:) Y2
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where

Cd,, the nozzle discharge coefficient is given by

2 3
e (1)) ()
[ [} 0

and the constants in this equation are:

Ass a, b, Ca d, j

in? ]

549.8 | 0.83923 | -0.79751 x 10”° +0.69680 x 10”" | -0.17815 x 10“7
777.7 | 0.88492 | -0.87970x 10™' 0.11382 ~0.25740 x 10”° J

The expression for the nozzle discharge coefficient is an empirical
curve fit taken from experimental data,

Nozzle choked:

Y, 8 2 2(y,—1
Wa = P,Cq, A, Cy, /R’Tz (VH) ?
2

where, in this case, the nozzle discharge coefficient is a constant:

for A, = 549.8, C4, = 0.9760

and A, = 777.7, C4, = 0.9741

AIRFLOW COEFFICIENT

Venturi-Venturi Centerbody Annulus

The flow coefficient at the annulus was calculated by

W,
_ 3
C[an - w

and the effective flow area was calculated by

Aane“ = Cfan x Aan

Simulator Inlet

The flow coefficient at the inlet of the simulator was calculated by
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MACH NUMBER

The Mach number at the simulator inlet was calculated by

y=1

M; = (yz-l) [(:_:);f‘ 1]

REYNOLDS NUMBER INDEX

The Reynolds number index at station 2 was calculated from

Rei, = ¢>8sz= 82"(11;;61?9.5)
2V V2 (1o 2

PRESSURE DISTORTION

Total pressure distortion was calculated at the simulator inlet
(station 2) by

D P’mnx —szin

2avyg

where the maximum and minimum pressures are chosen without regard
for radial or circumferential location.

CORRECTED AIRFLOW

Corrected airflow through the simulator was calculated at the conic
nozzle exit plane and corrected to conditions at sea level by the equation
Was \/ 0,

Wa, = 5.

YENTURI INLET REYNOLDS NUMBER
The Reynolds number at the venturi inlet was calculated from the
equation:

W

a

= 0.4129

w 4
R = = -2 =
€D u mh
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where
p is the air density

V is the velocity
D is the diameter of the venturi inlet (37.0 in.)
u is the viscosity of air and is calculated from Sutherland's

formula

3
g
_ TZ -8
o= 2270 —To 0 x 10

NORMALIZED TURBULENT PRESSURE SPECTRAL DENSITY

The normalized turbulent pressure spectral density function was
calculated by normalizing the power spectral density function by the
equation

where P2 is the steady-state total pressure at the simulator inlet and
PSD is the power spectral density function which is computed by an

electronic analog wave analyzer. The power spectral density function
is presented graphically and represents a statistical estimation of the

equation
T

Copae 1 2
PSD _%me L j [f@) T at
B0

where T is the time length of the data sample considered, B is the band-
width of the electrical filter used, and f(t) is the instantaneous amplitude
of the data waveform at time t. A value of B of 1.0 cps was used to ob-
tain detailed frequency resolution of the data, and a value of 10. 0 cps
was used to obtain more general amplitude distribution with frequency.
The time length of the data samples generally used was 4.0 sec.

NORMALIZED TURBULENT PRESSURE AMPLITUDE

The normalized turbulent pressure amplitude was calculated by

(£> _ APar
P At P,

where APAf is the average value of the peak-to-peak amplitude of the
pressure waveform within the relatively broad frequency band, Af.
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Values of (A—PP )Af were also obtained by determination of the

mean square value of the waveform amplitude between two given fre-
quencies fi and f2 by the expression

AP
At mean sq

Af = f, - f

where

and AAr is the area bounded by the normalized turbulent spectral density
curve, the ordinate of the graph and two vertical lines, one drawn at
frequency f1 and the other at f9.

The mean square amplitude was then converted to a "psuedo'’ aver-
age peak-to-peak value by the expression

AP} - 2.828 I:M J
P At P Af Jmean sq

The term ''psuedo' is used because this expression is exact only if the
waveform is purely sinusoidal.

AUTO-.CORRELATION FUNCTION

The auto-correlation function, R (7), was calculated by a digital
computer and graphically presented as a statistical estimate of the
function

T
R(;):IfiTm = f F) f(t + 7) dt

where 7 is an induced time lag and f(t) and f(t + 7) are the instantaneous
amplitudes of the data waveform at time t, and at (t + 7), respectively.
The auto-correlation function was used to determine the extent of the
periodic content present in the data waveform,

STATISTICAL AMPLITUDE DISTRIBUTION PARAMETERS

As a quantitative measure of the nearness of the amplitude dis-
tribution to a Guassian distribution, the skewness and kurtosis (some-
times called the 'flatness'') functions were calculated using a digital
computer.
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The computer program and statistical operations used to determine
these functions are given in detail in Ref. 4. For a Guassian distribu-
tion, the skewness and kurtosis functions have values of 0 and 3. 0,
respectively. The criteria used to determine the nearness of the am-
plitude distributions to a Guassian or normal distribution were taken
then to be

(1) Skewness function near 0
(2) Kurtosis function near 3.0

(3) Little or no periodic content in the wave (determined from
the auto-correlation and power spectral density functions).

Reference 5 uses the same criteria (with the exception of step (3),
since no periodics appear to have existed in the Ref. 5 data) as given
above to quantitatively describe the amplitude distribution of turbulent
velocity data,

CORRECTION OF DYNAMIC DATA

Correction of dynamic pressure data was required for some param-
eters because of nonlinear frequency response characteristics of the
pressure rake, or pressure rake-transducer combination. Figure Il-1la
shows the frequency response characteristics of a 27-in. tube and
strain-gage transducer combination, The amplitude values for the
tube-transducer combination were corrected by the equation

('Apactual)Af = KAf X (Apindicated)Af
where

(APactual)Af is the true amplitude of the wave within the
bandwidth, Af,

(APindicated) o¢ is the indicated amplitude of the wave
within the bandwidth, Af, and Kaf is given by the equation

[A
Kar = Af

A1 and A2 are the areas under the curves shown in Fig. I-1b., This
technique is completely valid only for the case of a uniform frequency
distribution of amplitude in the data and becomes a less effective cor-
rection as the spectral distribution deviates from the uniform case,
Sample calculation of the effectiveness of the correction on several dif-
ferent sloping distributions indicate improvements in the data amplitude
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such that indicated data values, which are on the order of 40 percent in
error because of nonlinear response characteristics, are brought to
within 10 percent of the true value.

Figure I-2 illustrates a typical vibration response curve for the
piezoelectric sensors mounted in a cantilevered single probe rake
immersed in the stream. No correction can be reasonably made for
the erratic response indicated, and therefore only the data within the
frequency range from 0 to 200 cps are considered to be valid. The data
above 200 cps were eliminated by an electronic blocking filter, or they
were simply neglected in the spectral distribution presentations used
in data analysis,

The data shown in Fig. 1-3a were obtained from a variable capaci-
tance wall static sensor. The sharp spikes which appear in the spectra
show some correlation with the vibration of the duct in which the sensor
was mounted (see Fig. I-3b). Cooling water flow through the sensor
was also found to affect the data. Estimates of the random wall static
pressure were made by neglecting the sharp spikes in measuring the
area under the curve of a power spectral density plot using a planimeter.
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